A new type of demodulation system for low-coherence interferometric sensors based on highly birefringent fibers is presented. The optical path delay introduced by the sensor is compensated in four detection channels by quartz crystalline plates of appropriate thickness. The system can be used to decode a single-point sensor with a resolution of 2.5 ϫ 10 Ϫ3 or two serially multiplexed sensors with decreased resolution. In a multiplexed configuration each sensor is served by two detection channels. By tilting the quartz plates, we can tune the initial phase shift between interference signals in successive channels to differ by ͞8 or ͞4, respectively, for a single-point or a multiplexed configuration. We transferred the sinusoidal intensity changes into digital pulses by appropriate electronic processing, which eventually allows for an unambiguous phase-shift measurement with a resolution of 1͞8 or 1͞4 of an interference fringe. The system performance for the measurement of hydrostatic pressure changes and simultaneous changes of hydrostatic pressure and temperature is demonstrated. The pressure sensors are based on side-hole fiber to ensure high sensitivity and an operation range of 2.4 MPa. A new configuration for temperature compensation of hydrostatic pressure sensors is proposed, which is better suited for dynamic pressure measurements. In this configuration the sensing and compensating fibers are located in the same compartment of the sensor housing.
Introduction
In recent years many sensing devices based on the principle of low-coherence interferometry have been developed. 1, 2 Such devices are composed of sensing and receiving interferometers arranged in tandem, each having an optical path delay ͑OPD͒ greater than the coherence length of the source and almost equal to each other. If these conditions are fulfilled, the differential interference signal can be observed at the output of the receiving interferometer. An attractive feature of the low-coherence methods is that they allow for measurements of both absolute value and relative changes of the measurand affecting the sensing interferometer. The absolute measurements are performed by mechanical 3 or electronic 4, 5 scanning of the OPD in the receiving interferometer until it is an exact match with that introduced by the sensing interferometer. An absolute measurement of the OPD can also be realized by use of a spectrum analyzer instead of a receiving interferometer as the decoding device. In this case, the absolute value of the OPD is determined from the spacing of peaks in the spectrum of light that emerges from the sensing interferometer. 6, 7 The demodulation method that we describe also uses a low-coherence interferometric principle. A decoding interferometer is composed of four detection channels that contain crystalline quartz plates to compensate for the OPD introduced by the interrogated sensor. The fading problem, which is the main difficulty in interferometric measurements, is solved when we tilt the quartz plates, thereby introducing an initial phase shift between interference signals and eventually allowing for digital phase measurements with a resolution of 1͞8 or 1͞4 of an interference fringe, depending on the number of multiplexed sensors. The proposed solution of the fading problem is to some extent similar to that by use of two wavelengths to create interference signals shifted in phase by ͞2. Although the twowavelength techniques have been successfully applied in many practical devices, 8 -13 they have two limitations. First, the wavelength difference between detection channels must be tuned individually to ensure the quadrature condition. Second, a dephasing problem arises when the OPD varies significantly from its initial value because of a change in measurand, which ultimately results in the departure of a detection system from a quadrature condition. These main limitations of the two-wavelength method have been overcome to a certain degree by use of three, 14 -16 four, 17 or even five 18 wavelengths to interrogate the sensing interferometer. The fivewavelength method in particular brings about a significant reduction in measurement errors that are due to measurand-induced changes in the OPD and relaxes the conditions for phase differences between individual interference signals.
In the proposed detection method the dephasing problem does not appear at all. In contrast to the multiwavelength techniques, the phase differences between detection channels remain the same throughout the entire measurement range. Although the proposed method can be applied to any fiber-optic sensor based on highly birefringent fibers, its performance was tested in hydrostatic pressure and temperature measurements.
It has already been shown that highly birefringent fibers can be used for the measurement of quasistatic changes of pressure, temperature, or elongation. 19 -22 However, there is also a need for reliable sensors to measure dynamic pressure changes with a few kilohertz bandwidth. Such sensors could be used in civil engineering to monitor vibrations of bridges, dams, and large buildings with specially developed hydraulic pads integrated with fiber-optic pressure sensors that serve as loadpressure transducers. This technology has already been used successfully to monitor quasi-static loads. 23 Highly birefringent fibers are sensitive to pressure and temperature, with the result that fiber-optic pressure sensors based on this type of fiber have to be compensated for temperature. Most often a reference fiber located as close as possible to the sensing fiber is used to ensure temperature compensation. 24 However, this method of compensation is not suitable for sensors that are used to measure fast pressure changes, which always induce temperature gradients between the sensing and the reference fibers. Therefore we propose a new sensor configuration based on highly birefringent side-hole fiber, which provides better temperature compensation than already known solutions.
We also tested the sensor configuration that allows for the simultaneous measurement of pressure and temperature changes. As sensing elements we used side-hole and bow-tie fibers spliced together with polarization axes rotation by an angle of 67.5°, which ensures the highest contrast for the interference patterns associated with the bow-tie fiber itself and for the differential pattern produced by the two fibers. We used the bow-tie fiber as a temperature-sensing element while information about pressure change was decoded from the differential pattern produced by the side-hole fiber and the bow-tie fiber. The sensor characteristics and responses to simultaneous changes in pressure and temperature are demonstrated.
Principle of Operation
The system shown in Fig. 1 is powered by a superluminescent diode from Anritsu, Ltd. and pigtailed with 3M polarizing fiber. Linearly polarized light from the polarizing fiber is coupled by a polarizationmaintaining connector into one mode of the linking fiber ͑Corning PMF-38͒. The linking fiber and the active part of the sensor are spliced to each other with polarization axes rotation of ␣ 1 ϭ 45°. Therefore, two polarization modes are excited in the first active element of the sensor. Figure 1 shows the construction of the temperature-compensated sensor for the measurement of pressure changes. The sensor is composed of side-hole and elliptical core fibers that were spliced with polarization axes rotation of ␣ 2 ϭ 90°. The differential configuration of the sensor ensures compensation of the temperature effects. The compensating fiber was spliced with a highly birefringent leading-out fiber with polarization axes rotation of ␣ 3 ϭ 45°, and the output of the leading-out fiber was aligned by ␣ 4 ϭ 45°with respect to the polarization axes of the quartz delay plates. These rotations ensure the maximum contrast of interference signals in the detection channels. [25] [26] [27] The interference phenomenon can be observed in the detection chan- nel only if the total OPD ⌬R S introduced by the sensor is compensated by OPD ⌬R Q introduced by the quartz plates. The detection system is composed of four channels for the registration of interference signals and one channel for the measurement of average intensity at the sensor output. In the system that serves only one sensor, all the plates have the same thickness ͑4 mm͒. The plates can be tilted with respect to the incident beam to differentiate the initial phase shift of the interference signal in each decoding channel. The intensity registered in the ith detection channel can be represented by the following equation:
where I 0 is the average intensity monitored by the reference detector, ␥ is a contrast function associated with the source spectrum, and V S͞ϪQ is the contrast at the center of the interference pattern. If the azimuths of all the system elements are such as those shown in Fig. 1 , V S͞ϪQ would reach a maximum value equal to 0.5. The phase shifts ⌬ Q i introduced by the quartz plates in successive channels differ by ͞4, which corresponds to 1͞8 of an interference fringe. At the same time, the contrast of all the interference signals remains practically the same because ␥ is a slowly changing function of OPD imbalance ͑⌬R S Ϫ ⌬R Q ͒ compared with the fast intensity variations associated with interference fringes. Sinusoidal intensity changes registered in the detection channels are converted into digital signals in such a way that a high level is generated when interference signal I i is greater than the average intensity I 0 and a low level is generated for I i Ͻ I 0 . This version of the detection system allows for the measurement of fast phase changes that occur in a sensing interferometer with a resolution of 1͞8 of an interference fringe and for easy recognition of the direction of phase changes ͑see Fig.  2͒ . The counting speed is approximately 10 kHz and is limited by the computer board for data acquisition and the p-i-n photodiodes.
We experimentally determined that for proper operation of the electronic unit that forms digital pulses, the amplitude of the interference signal cannot be lower than 10% of the average intensity. Therefore, to achieve the highest possible operation range, the initial OPD of sensor ⌬R S 0 ͑at atmospheric pressure͒ should satisfy the condition V S͞ϪQ ␥͑⌬R S 0 Ϫ ⌬R Q ͒ ϭ 0.1. When the sensor OPD changes with applied pressure, the contrast of the interference signal first increases to a maximum value equal to V S͞ϪQ and then starts to decay until it reaches the critical value on the other side of the pattern envelope, i.e., V S͞ϪQ ␥͑⌬R S 0 ϩ ⌬R S P max Ϫ ⌬R Q ͒ ϭ 0.1, where ⌬R S P max constitutes the system operation range. For the experiments described in this paper we used a superluminescent diode from Anritsu, Ltd. with 0 ϭ 849 nm and ␦ ϭ 17 nm, for which we achieved an operation range of ⌬R S P max ϭ 52 0 ͑approximately 420 counts͒, which was determined primarily by the spectral width of the light source and by the value of the V S͞ϪQ contrast at the pattern center. Parameter V S͞ϪQ depends on precision of angular alignment of successive sensor elements ͑Ϯ5°͒ ͑Ref. 25͒ and on phase retardation uniformity introduced by the quartz plates over the wave-front cross section. To focus all the energy that comes from the sensor output on the p-i-n photodiodes, we used a convergent beam with an aperture angle of approximately 2°. Because of the variations in crystal birefringence, in effective thickness with incident angle and the changes in orientation of the plane of incidence with respect to the crystal optical axis, the phase retardation for boundary rays differs from that for the central ray by Ϯ4°f or a 4-mm thick quartz plate. As the photodiodes average intensity over the entire active area, such a retardation nonuniformity decreases the contrast V S͞
ϪQ.
By application of straightforward intensity averaging it can be shown that the drop in contrast is only 2% in this case.
Another possible cause of contrast degradation can be nonuniformity of the quartz plate thickness over the wave-front cross section. The diameter of the beam that passes through the plate is 3 mm. We assume 0.4°as an acceptable variation of phase retardation across the beam caused by the change in plate thickness, which is ten times lower than that caused by beam convergence. This value allows us to estimate the tolerance for plate parallelism at Ϯ6 arc sec, which is a modest requirement.
Technologically, we can control the length of the sensor elements to a precision of Ϯ2 mm, which corresponds to Ϯ 0 in terms of retardation. There is no need to control the retardation introduced by the decoding plates to a much higher accuracy. For quartz plates, the thickness variation equivalent to retardation Ϯ 0 equals Ϯ0.01 mm at 0 ϭ 849 nm, which can be used to determine the plate thickness tolerance in different detection channels.
Hydrostatic Pressure Measurements
The construction of the temperature-compensated sensor for hydrostatic pressure measurements is shown in Fig. 1 . The sensing element is composed of side-hole fiber and elliptical-core fiber spliced with 28 The sensitivity of the elliptical-core fiber to pressure and temperature equals, respectively, K EC P ϭ 0.90 rad͞MPa m and K EC T ϭ Ϫ0.87 rad͞K m. The phase shift induced simultaneously by temperature and pressure on the two sensing elements is given by
where S T and S P are overall sensitivities to temperature and pressure as represented by the following expressions:
In Eqs. ͑3͒ and ͑4͒, L EC and L SH are the lengths of the elliptical-core and side-hole fibers, respectively. To ensure the total temperature compensation of the sensors, the lengths of the side-hole and ellipticalcore fibers must be inversely proportional to their sensitivity to temperature:
One should note that, although the temperatureinduced phase shifts in the two fibers are compensated, the pressure-induced phase changes add to each other, because of opposite signs of pressure sensitivity in side-hole and elliptical-core fibers. This specific feature of the side-hole fiber makes it possible to locate the sensing and compensating fibers in the same place on the sensor housing. Such sensor construction is better suited for compensation of temperature effects associated with fast compression and decompression processes than for standard compensation configuration, in which pressure affects only on the sensing elements. 24 Fast pressure changes always cause temperature changes and therefore temperature differences between sensing and compensating elements, if they are located in different places.
Pressure that affects a sensor decreases its total group delay. According to the operating principle of our detection method, the total OPD introduced by the sensor must satisfy the following condition to ensure the maximum operation range:
where ⌬N EC ϭ 3.70 ϫ 10
Ϫ4
, ⌬N SH ϭ 3.84 ϫ 10
, and ⌬N Q ϭ 8.86 ϫ 10 Ϫ3 represent the group birefringence of the elliptical-core fiber, the side-hole fiber, and the quartz plate, respectively, and d Q1 represents the plate thickness. For hydrostatic pressure measurements we used plates with a thickness of d Q1 ϭ 4 mm, which introduced a group delay of approximately 42 0 .
Solving Eqs. ͑5͒ and ͑6͒, we determined the lengths of elliptical-core and side-hole fibers to be L EC ϭ 0.895 m and L SH ϭ 0.998 m. The residual sensitivity of the sensor to temperature S T is limited by the precision of Eq. ͑5͒. In practice, lengths L EC and L SH can be controlled to within a tolerance of 2 mm. Substituting this value into Eq. ͑3͒ we obtained the technological limit for temperature sensitivity S T Ͻ 2.4 ϫ 10 Ϫ3 rad͞K. Such a small residual temperature drift would generate a phase response equivalent to the system resolution equal to 0.785 rad ͑1͞8 of an interference fringe͒ for temperature changes of approximately 300°C, a temperature range that is much higher than what is necessary for most technical applications.
The sensing and compensating fibers were wound onto a 7-cm-diameter coil and placed in a steel housing. Such a configuration diminishes the sensor size and makes it more suited for practical applications. Furthermore, as the sensing and compensating fibers from several loops inside the housing, the sensor becomes much more resistant to temperature gradients in comparison with sensing and compensating fibers that are straight.
We investigated sensor performance by conducting several temperature and pressure tests. We tested the sensor temperature stability at different pressures by using a Haake C temperature stabilizer with a precision of 0.1°C. The sensor did not react to temperature changes from 10°C to 50°C at zero pressure even during fast heating, which introduced a temperature gradient of a few degrees across the sensor housing, which is certainly not the maximum temperature gradient that can be accommodated by the sensor. We did not complete the investigation of this problem because it is difficult to control the temperature distribution across the housing.
At a pressure of p ϭ 2.4 MPa, the response to temperature was equal to one count, see Fig. 3 . This effect was most probably associated with a difference in second-order sensitivities ͑dependence of temperature sensitivity on pressure͒ 29, 30 in the side-hole and elliptical-core fibers. Therefore, the difference in second-order effects constitutes a real physical limitation of the effectiveness of temperature compensation in such sensors.
We calibrated the system for quasi-static pressure changes by using a Harwood DWT-35 pressure gen- erator with a precision of 0.1% as a reference. The calibration results are shown in Fig. 4 , where the number of counts registered by a computer ͑one count corresponding to 1͞8 of an interference fringe͒ are plotted versus applied pressure in the 0 -2.4-MPa range in 0.3-MPa steps. The calibration procedure allowed us to determine the sensor's sensitivity to pressure, which is equal to 151.3 counts͞MPa ͑118.8 rad͞MPa͒ and is linear over the entire pressure range that we tested. Figure 5 shows the response of the sensor to dynamic pressure changes generated in an oil chamber. The enlarged sections illustrate the time and pressure resolution. One count is equivalent to the minimum detectable pressure change equal to 6.6 kPa.
Simultaneous Pressure and Temperature Measurements by use of Serially Multiplexed Sensors
The construction of a sensor for simultaneous measurement of pressure and temperature changes is shown in Fig. 6 . The active part of the sensor is composed of bow-tie fiber ͑L BT ϭ 0.265 m͒ and sidehole fiber ͑L SH ϭ 0.575 m͒ spliced with polarization axes rotation of ␣ 2 ϭ 67.5°. In the leading-in fiber only one linearly polarized mode is excited. This fiber is spliced with the first active element of the sensor with polarization axes rotation of ␣ 1 ϭ 45°, which ensures equal excitation of both polarization modes in the first active element of the sensor. The leading-out fiber is spliced to the side-hole fiber with polarization axes rotation of ␣ 3 ϭ 22.5°. The phase changes induced by pressure and temperature are retrieved from two interference patterns. The first is a differential pattern produced by the side-hole and bow-tie fibers whereas the other is produced by the bow-tie fiber itself. Angular alignment of the sensor elements ensures the highest possible theoretical visibility for the two interference patterns V BT͞ϪQ ϭ 0.25 and V SHϪBT͞ϪQ ϭ 0.3, respectively. 26, 27 The interference signals associated with the differential pattern are registered in the first two detection channels in which we placed two retardation plates with a thickness of d Q1 ϭ 4 mm. By tilting the quartz plates we shifted these two signals in phase by ͞2, which ensures unambiguous fringe counting with a resolution of 1͞4 of an interference fringe.
The second interference pattern associated with the bow-tie fiber is monitored in the third and fourth detection channels. To balance the group delay introduced by the bow-tie fiber we placed compensating plates with a thickness of d Q2 ϭ 20 mm into these channels and again tilted the plates to introduce a phase shift of ͞2.
High pressure sensitivity of the side-hole fiber causes the differential interference pattern to be much more sensitive to pressure than to temperature. At the same time, the pattern produced by the bow-tie fiber itself is almost equally sensitive to temperature and pressure. We could easily retrieve information about the changes in pressure ⌬p and temperature ⌬T by solving a set of linear equations, if phase shifts ⌬ BT ͑ p, T͒ and ⌬ SHϪBT ͑ p, T͒ are measured simultaneously and sensitivity coefficients to pressure and temperature are known in advance. In respective interference patterns, these coefficients are given by the following relations:
To determine the sensitivity coefficients we calibrated the system for quasi-static pressure and temperature; see Fig. 7 , which shows the number of counts registered by the computer versus applied pressure and temperature. The response of the sensor to pressure and temperature is linear in both detected patterns. By fitting measurement data, we found the coefficients S BT P , S BT T , S SHϪBT P , and S SHϪBT T . In the differential pattern the sensitivities are equal to S SHϪBT P ϭ 48.18 counts͞MPa ͑75.64 rad͞MPa͒ and S SHϪBT T ϭ Ϫ0.568 counts͞K ͑Ϫ0.892 rad͞K͒, respectively. For the pattern produced by the bow-tie fiber the sensitivities are equal to S BT P ϭ Ϫ1.329 counts͞MPa ͑Ϫ2.087 rad͞MPa͒ and S BT T ϭ 0.817 counts͞K ͑1.283 rad͞K͒. Figure 8͑a͒ shows the response of the sensor to simultaneous step-type changes of pressure and temperature. Knowing the sensitivity coefficients, we could solve the set of linear equations and determine simultaneous changes of the two parameters ͓Figs. 8͑b͒ and 8͑c͔͒. The maximum difference between reconstructed and actual values of applied pressure and temperature is equal to 0.02 MPa and 1°C, respectively, which in both cases corresponds to 1% of a sensor's full scale.
Summary
We have presented a flexible detection system based on a fringe-counting method for decoding lowcoherence interferometric sensors. The performance of the system was tested by measurements of hydrostatic pressure changes with a single temperature-compensated sensor and also by simultaneous measurements of pressure and temperature changes with two serially multiplexed sensors. In both cases the side-hole fiber was used as one of the sensing elements. The unique features of this fiber, such as high sensitivity to pressure and the negative sign of the sensitivity, played an essential role in system performance.
For a temperature-compensated sensor, the negative sign of pressure sensitivity in the side-hole fiber made it possible to locate the sensing and compensating fibers in the same compartment of the sensor head. This prevented temperature gradients be- tween the two elements and made the sensor almost insensitive to temperature changes. The residual temperature drift of the order of 0.2% of sensor's full scale for temperature change at 40°C is most probably associated with the second-order effects. Such sensor construction is especially suitable for dynamic measurement, in which the fast compression or decompression always induces temperature changes and could generate false readings if the sensing and compensating elements were located at different places in the sensor head. Optimization of the initial OPD introduced by the sensor ensured a resolution equal to 2.5 ϫ 10
Ϫ3
, which is limited by the spectral linewidth of the source and precision of the angular alignment of the respective sensor elements. One count of the four-channel decoding unit corresponds to a ͞4 rad phase increase. The operation range of the tested sensor was equal to 2.4 MPa, which could easily be modified if one were to change the lengths L SH and L EC of the two sensing elements and also the thickness of the compensating quartz plate d Q1 .
The feasibility of a decoding system for simultaneous pressure and temperature measurements has also been demonstrated. However, for this mode of operation, the resolution of the system is significantly lower. One of the reasons is that only two detection channels are used to decode the phase changes associated with the interference pattern in question. For this configuration one count corresponds to ͞2 rad. Furthermore, for multiplexed systems, the theoretical maximum contrast in both interference patterns is approximately 0.3 whereas for the singlesensor configuration it equals 0.5. Finally, for multiplexed systems the operation range associated with each interference pattern is used to register pressure and temperature changes whereas for single-sensor systems it is assigned only to pressure changes. The effect of these factors is to reduce the resolution of the two parameters in simultaneous measurements to the level of 10
Ϫ2
, which corresponds to 0.02 MPa and 1°C, respectively, for temperature and pressure readings.
